[6] that defects in composites have a much smaller influence on the mechanical properties when a caul plate 48 was used during laminate curing. The caul plate reduced significantly thickness variations and allows for resin flow. Compared to the reference composites, strength knockdown factors of less than 10, 5 and 12%
50
were reported for tension, in-plane shear and compression, respectively.
51
That defects such as gaps and overlaps can cause fibre misalignments, particularly in the out-of-plane 52 direction (thickness direction of the laminate), has been shown by different authors [3, 5, 9 ]. Hsiao and Daniel
53
[10] earlier studied the effect of fibre waviness on the mechanical (compressive) properties of fibre composites.
54
However, the waviness in their specimens was not induced by defects but introduced by a uniform waviness 55 in a tape-winding process. They found that fibre misalignments cause interlaminar shear and through-56 thickness normal stresses. Due to the presence of such stresses a delamination failure in composites is most 57 likely. After delamination has occurred, a lower fibre support is provided by the matrix. This makes the 58 specimen even more susceptible to global buckling because of the reduced thickness of now individually 59 acting laminae compared with the initial component.
60
In general, the term defect may be used to describe an enormous range of possible phenomena in struc-61 tures as discussed above [11, 12] . In this research, only manufacturing related artefacts are described as 62 defects. Two types of defects that may arise during processing have been identified. Ideally, adjacent tows 63 should be laid down precisely side-by-side onto the surface of a mould. However, when the tooling geometry It should be noted that due to the AFP manufacturing method of laying down unidirectional material,
69
the local defect orientation is inherently parallel to the fibre direction. This aspect is important and so
70
was taken into account in the manual manufacturing process of the defect containing composites. In this 71 context, a very high number of defect combinations can be integrated. In this study, constant defect size 72 and stagger distance, both 2 mm, were considered. The defects were integrated into the off-axis plies, i.e.
±45 and 90
• plies. Figure 2 shows a possible defect distribution within a layup. In the side-on schematic 74 on the left side, the defects are illustrated as rectangles and may be either gaps or overlaps. The close-up 75 view on the right side depicts the paths of three defects through each ply of one sub-laminate.
76
Defect size When laying down the tows onto a surface with a complex shape, a defect distribution may be very 77 repetitive due to automation, or it may be highly random. Therefore, it is important to understand the in-
78
fluences and the driving mechanisms of separate and combined defects, which is thus far not well understood.
79
In the study presented here, pristine test specimens, along with samples that have artificially introduced 80 defects, have been tested in tension and compression. Several defect configurations were developed in addition to pristine specimens. The gap and overlap
88
formations are illustrated schematically in Figure 3 . In this figure, the red and yellow rectangles illustrate 89 gap and overlap defects, respectively. In the first step, the gaps and overlaps were considered independently 90 and in an aligned configuration (see "Gaps" and "Overlaps" specimens in Figure 3 ). To obtain a higher 91 induced out-of-plane fibre misalignment severity, a stagger was introduced to the defect configuration (see "Staggered Gaps") and subsequently a staggered gap and overlap combination (see "Gaps & Overlaps"). 
Manufacturing techniques

100
The laminates were manufactured through manual layup of unidirectional carbon fibre prepreg plies
101
(IM7/8552 by Hexcel). Although the hand layup has a low productivity and might not be entirely represen-
102
tative for automated fibre laying processes, it allows one to work with a good accuracy to isolate single or 103 controlled occurrences of defects in the specimen gauge sections to mimic actual defects in the AFP process.
104
The selection of defect type and severity was inspired by industrial observations. used to allow for delamination dominated failure. To design the crossing defects in the layup, the gaps and 111 overlaps had to be integrated into the cutting layout. Therefore, ply related cutting paths were generated in 
121
The prepreg stacks were cured in a laboratory autoclave, using a curing cycle for monolithic components 122 in accordance with the manufacture's product data sheet [14] . The processing parameters during curing 123 were recorded by thermocouples and pressure gauges. During the curing of the prepreg plates, a flat tooling 124 base and 6 mm steel caul plates were used to achieve specimens with constant thickness and a flat surface 
144
Seven pristine samples and four specimens for each defect configuration were tested in tension. Akin, six 145 pristine, "Gaps" and "Gaps &Overlaps" and five "Overlaps" and "Staggered Gaps" specimens were tested 146 in compression. Because of the goal to test cross-over defects, meaning the integrated defects intersect in 147 the centre of the specimen's gauge section, only a limited number of samples could be extracted from the 148 laminates.
149
A Photron Fastcam SA1.1 high speed camera (HSC) equipped with a Nikon Micro-Nikkor 105 mm f2.8 150 type lense was used for both test methods to record the damage behaviour during the failure of the specimens.
151
The focus of the camera was always set to one edge of the specimens. Although, the observed phenomena are 
Results and Discussion
160
The pristine and the defect containing specimens were tested in both tension and compression. The It can be seen that all of the curves exhibit a similar slope in the lower displacement region. The slope 178 relates to the stiffness of the samples. Although, the deformation in the sample gauge section was not 179 explicitly measured, by for example using a clip-on extensometer, the tensile moduli, E t , were calculated 180 based on the crosshead displacement. Therefore, the strain range 0.05 -0.25 % was used. The average of 181 the measured moduli for the pristine and the defect configurations are reported in Table 1 . The pristine 182 specimens show the lowest tensile modulus, which could be a manufacturing related issue, for example a 183 slightly misaligned specimen extraction from the composite. The moduli of the defect containing specimens 184 decrease negligibly with increasing number of defects. A drop in the modulus when integrating severe 185 defect formations was not expected. The defects should not have such a great influence on the mechanical 186 performance within the small strain range in which the tensile modulus was calculated. However, at larger 187 displacements, the deviation from the linear-elastic material behaviour is obvious and it is more pronounced 188 for the specimens with a higher number of defects. In addition to the measurements, the equivalent laminate 189 modulus in the longitudinal direction for the quasi-isotropic layup was calculated using classical laminate 190 theory (CLT). The engineering constants for unidirectional IM7/8552 were taken from Lander et al. [17] .
191
Two cases for the laminate analysis were considered, i.e. single ply and blocked ply thickness. For both 192 cases an in-plane isotropic modulus of 62 GPa was calculated. This, on one hand, proves that the elastic modulus is independent of the ply thickness and, on the other hand, that the CLT model predicts a good 194 approximate stiffness.
195
The difference in the ultimate tensile failure strength can be also clearly seen in the stress-displacement 196 diagram. In Table 1 the number of samples tested, n, the average ultimate tensile failure strength,σ t max ,
197
including its standard deviations, and the coefficients of variation for failure strength, CV , are summarised.
198
In addition, this to the load data acquisition rate, it can be assumed that the five images that are presented for every failure 228 event are captured at less than 1 % below maximum load. In the analysis, similarities and differences in the further.
248
The precise failure mode is uncertain and presumably a combination of both delamination and subsequent 249 fibre failure. However, due to the large amount of premature ply separation, it can be classified as a 
256
A leading explanation as to why the specimens failed by delamination is the amount of the blocked plies.
257
The number of blocked plies has a significant influence on the failure mode. In the considered case, the 258 number of blocked plies is 2 which leads to a nominal ply thickness of 0.25 mm. In Garrett and Bailey
259
[24] it was found that the susceptibility to matrix cracks increases with an increase in ply thickness. This 
272
Differences between the pristine and the "Gap" failure mode may be seen in the space created by the early 273 delaminations. The segregation of sub-laminates is more pronounced in the pristine specimens. However,
274
no difference in the final failure mode compared with the pristine specimen was found (see Figure 8 for the 275 pristine and Figure 9 for the "Gaps" specimen).
early delaminations t = -21 usec t = -42 usec t = 0 t = -63 usec t = -84 usec Similar to the previous two specimen types, the "Overlaps" specimens revealed no obvious changes within 278 the failure mode and the overall behaviour prior to catastrophic failure compared to the the pristine and 279 "Gaps" specimens. Surface ply splitting and early delaminations in the two middle-most sub-laminates 280 were observed again that were followed by unstable crack growth that led to localised fibre failure. One The manner in which the tension specimens of "Staggered Gaps" configuration failed is fairly similar to 290 the specimens examined above. Matrix cracking accompanied by the peel off effect of the 45
• surface plies 291 were observed again (yellow oval in frame (a) in Figure 11 ). The cracking of the surface plies was followed by 292 delaminations between internal off-axis plies. However, when looking at the HSC frames, shown in Figure 11 , 293 one can clearly see that the delamination size is smaller compared to the specimen types discussed before
294
(see frames (a) and (b)). The occurrence of delaminations in the case of the "Staggered Gaps" specimens
295
was not limited to a few number of sub-laminates but could be observed in more interfaces. In addition, ply 296 separations appeared less pronounced as it could be for example seen on the pristine specimens. In contrast
297
to the previously discussed sample types, the initiation of the catastrophic failure caused by a breakage The specimens tested in tension, independent of the defect configurations, exhibited free-edge delamina-314 tions prior to the final failure. This failure mode is constantly present since rather narrow specimens with 315 free edges were tested. In principle, free edges are discontinuities in the layup which lead to the occurrence 316 of high interlaminar stresses due to the change in elastic layer material properties. These stresses evoke 317 reductions in the failure strength [13, 25] . Laminate edge treatments to alleviate the detrimental effect of 318 free edges such as a progressive reduction of the fibre volume content towards the free edges [26] or an 319 introduction of pure resin edges after composite curing [27] were not conducted in this study.
320
Despite the presence of the delamination failure mode, it seems that the defect configuration has an effect 321 on the pattern of delaminations. It was found that the higher the amount of integrated defects the more 322 localised the formation of free edge delamination. The pristine samples showed fairly large delamination 323 zones, whereas the "Gaps" and "Overlaps" specimens exhibited a more localised damage pattern. The 324 localisation of premature damage was found to be even more pronounced in the "Staggered Gaps" and In Table 2 , the measured compressive moduli, E c , the average ultimate compressive failure strength suggesting that the material behaviour in the low strain regime is almost unaffected by the defects.
340
In terms of the strength, the pristine specimens reached an average compressive failure stress of 643 MPa.
341
An interesting behaviour could be noticed on the pristine specimens which did not fail catastrophically after 342 reaching the maximum load carrying ability, but were able to partially recover. The recovery is evident 343 after the drops in the stress-displacement curves. The load did not go all the way down to zero but went to 344 a certain level. From this level, the specimens were able to further increase their load bearing ability until 345 final failure occurred in a catastrophic fashion. This effect is further analysed in conjunction with the failure 346 behaviour in section 3.2.2. The "Gaps" specimens yielded an average strength value of 692 MPa, which 347 is an increase of 7.6 %. The "Overlaps" specimens, similar to the tensile specimens, yielded the highest 348 average ultimate failure strength value among the specimen types tested. The improvement compared 349 to the pristine properties is 9.5 %. The failure strength of the "Staggered Gaps" samples also showed a 
365
The high speed camera series in Figure 14 An interesting phenomenon is the extensive peel-off effect associated with a significant drop in load but 373 without a simultaneously occurring final failure. This effect could only be observed on pristine specimens 374 tested in compression. After the sudden drop, the specimens still had the capability to carry almost the entire 375 applied load. However, the load level, reached right before the significant load drop, could not be reached 376 again. Thus, the maximum obtained load has been used for the calculation of the strength and its average 377 value. Figure 15 shows a stress-displacement curve of a specimen that failed in such a manner described 378 above. At the point of maximum load, some plies have been peeled off from one end of the specimen. The 379 final failure, however, occurred accompanied by a similar effect, but on the opposite side of the specimen.
380
Because of the debilitated structure as a result of these delamination failures, it can be assumed that the The failure mode of the "Gaps" specimens cannot be precisely defined as a sequence of different inter-390 acting mechanisms led to the sudden failure (see Figure 16 ). One particular specimen (specimen no. 6) 391 exhibited the peel off effect that could be seen on the pristine specimens. However, the significant load 392 drop which was characteristic for the pristine specimens ( Figure 15 ) was not observed. In addition, this 393 premature failure (peel-off effect) was preceded by slight global buckling. Finally, the layer peel off was 394 followed by simultaneous final fibre breakage associated with delaminations, which occurred especially in 395 the 0/45 interfaces. As mentioned, this particular failure sequence could be observed just on one specimen 396 of this set. Interestingly, this particular specimen yielded a slightly higher ultimate strength compared to 397 the other "Gaps" specimens. The major failure mode, however, was a simultaneous appearance of 0/45 398 interface delaminations and localised fibre failure without early global buckling (see frame (b) in Figure 16 ).
399
Since the difference in ultimate failure load of specimens exhibiting the slightly different damage mechanisms 400 explained above is less than 3 %, we assume that the preceding buckling (observed just on one specimen) is 401 a coupon alignment related issue. 
417
The failure stresses of this set of specimens correlate well with the corresponding damage mechanisms. The 418 specimens that exhibited delaminations failed at loads above the pristine ultimate strength level, whereas 419 the specimens that failed by fibre breakage failed at loads below the pristine level. The comparatively high scatter with a coefficient of variation of almost 15 % in ultimate failure strength Gaps" configuration has also an elevated defect content, a distinct delamination failure that preceeds the 445 final failure could not be observed. It is assumed that the severity of fibre misalignments controls the 446 damage mechanisms rather than the actual amount of defects in the structure. Mukhopadhyay et al. [30] 447 also pointed out this aspect. They studied the influence of out-of-plane fibre wrinkling on the compressive 448 strength of carbon fibre/epoxy composites and found that the higher the severity of the fibre deviation, the 449 higher the reduction in strength. Additionally, a transition from fibre dominated to a delamination failure 450 mechanism was found, when the wrinkling severity was increased. were studied under tension and compression testing.
464
The configurations "Gaps", "Overlaps" and "Staggered Gaps" did not yield a (positive) statistically 465 significant knockdown in tensile or compressive strength. The "Gaps & Overlaps" specimens, however,
466
exhibited the more expected strength reductions in tension and compression of 7.4 % and 14.7 %, respectively.
467
Amongst the defect configurations considered in this study, the "Gaps & Overlaps" specimens were the only measures reported in the literature can be found in Table 3 .
472
The failure behaviours of the defect specimens appear to be consistent with the level of ply waviness 473 caused by the defects, which appears to be the main driving parameter. One should note that the measured strength, compared to pristine properties.
480
In order to promote the understanding of effects of defects in laminated composites, further experiments 481 along with numerical modelling should be carried out. For example, the defect configurations presented here 482 could be extended in such a way that defect and stagger sizes along with ply width may be varied. 
483
